variety of dinuclear MO(V), Mo(IV), Mo(II1) and Mo(1) complexes, and tri-and tetranuclear homo-and heterometallic complexes of molybdenum have been studied by "MO NMR. The MO
In recent years the characterization of coordination pendencies of such complexes are well-defined.' For and organometallic complexes of molybdenum by these oxidation states the ability of 95Mo NMR g5Mo NMR spectroscopy has developed rapidly. In to monitor solution processes,2s3 to distinguish general, the measurement of the spectra of Mo(VI), diastereomerP and to aid solid-solution structure Mo(I1) and MO(O) complexes has become routine, correlations7 has also been demonstrated. and the chemical-shift ranges and halogen deIn contrast, the study of MO(V), MO(W), Mo(II1) and Mo(1) complexes has been limited or non-* Author to whom correspondence should be addressed. existent. '"MO NMR investigations of MO(V), 407 Mo(II1) and MO (I) exhibit resonances at 586 and 342 ppm, respectively.3 Dinuclear Mo(IV) complexes have not been studied by "MO NMR, although an extensive study ofcomplexes possessing the [Mo30J4+ core has been reported.',' Our recent investigation of mononuclear oxo-Mo(IV) complexes by g5Mo NMR" has established an enormous range ofchemical shifts (3180 to -1309i1 ppm)* and linewidths (8Oii to >5000 Hz) for mononuclear Mo(IV) complexes. To date, complexes of Mo(II1) have not been studied by g5Mo NMR, and only one MO(I) complex, CP~MO~(CO)~'~ (hereafter, Cp = $-CSH5, Cp' = $-C,Me,), has been investigated by this technique.
Here we report the g5Mo NMR spectra of 22 dinuclear metal-metal bonded complexes of MO(V), Mo(IV), Mo(II1) and MO (I) . This work describes the first g5Mo NMR data for dinuclear complexes of Mo(IV) and Mo(II1) and expands upon the single previous result i2 for MO (I) . In addition, preliminary studies on several homo-and heterometallic molybdenum cluster compounds are presented. The compounds investigated are relevant to studies involving hydrodesulfurization and bioinorganic catalysis.
EXPERIMENTAL

Sample preparation
The complexes were prepared by literature methods or slight modifications thereof: a guide to the source of each complex is given in Table 1 . Solutions of air-sensitive samples were prepared under anaerobic conditions using dried and deoxygenated solvents. Concentrations in the range 3-100 mM were employed.
Znstnunentation
The g5Mo NMR spectra were recorded on a Bruker WM250 spectrometer equipped with a lomm molybdenum probe and operating at 16. center was inserted between the probe and the Bruker broadband pre-amplifier. The duplexer was gated off during the pulse and for 5 p thereafter. With this arrangement the pre-acquisition delay was reduced to 100 ps. The transmitter output was amplified with a Heathkit SB-201 (I-kW) linear amplifier. The input was attenuated to give a 26-ps 90" pulse. A 2 M Na, [MoO,] solution in D,O, effective pH 11, was used as external reference.
RESULTS AND DISCUSSION
The g5Mo NMR data are summarized in Table 1 , along with a guide to the structure and source of each complex. Structural formulae for the complexes are given in the appropriate sections. 
Mo,(OCMe& (14) Mo,(CH,SiMe,),
MO ( than any previously observed value :i coupling of the 31P nucleus to both MO nuclei was not discerned.
Homo-and heterometallic cubanes and related complexes
We have recently undertaken an NMR investigation of new homo-and heterometallic complexes of molybdenum and catalytically or biologically relevant co-metals such as cobalt, nickel (hydrodesulfurization) and iron (nitrogenase) 
25
MO(I) complexes
To date, the "MO NMR spectrum of only one MO(I) complex has been reported : the metal-metal singly bonded species Cp,Mo,(CO), (18) exhibits a 26 27 of2333 to the Mo(CO), moieties ofthis complex. The resonance at -558 ppm is therefore due to the Cp'Mo moieties. The ~~-0 ligand in 2420 is expected to shield the MO center to which it is bound (relative to p3-S) and thus the -265 and -471 ppm The paramagnetism of most Fe-Mo-S cubane and double-cubane cluster complexes has prevented their study by g5Mo NMR. The diamagnetism of FeMo-S clusters derived from 4 and Fe,(CO), make them attractive candidates for assessing the NMR properties of more biologically pertinent centers. Complex 2633 exhibits a single sharp resonance at -506 ppm, 946 ppm more shielded than the precursor 4. The data for 26 provide evidence that pLf-S ligands shield the molybdenum nuclei compared to p-S and S, ligands. The resonance of 2733 at -133 ppm is also shielded due to conversion of the P-S ligands into p3-S ligands.
by complexes such as 6-g and 26 and 27. Species such as 6-g are important model complexes for reactivity and mechanistic studies of hydrodesulfurization.lg Due to their narrow linewidths, the resonances of these species are readily detected even at concentrations of g5Mo as low as 0.5 mM. Thus "MO NMR may prove valuable in the characterization of solution species and intermediates, and for monitoring the course of homogeneous hydrodesulfurization systems. The ability of terminal X2 -(X = 0 or S) ligands to effect predictable changes in the chemical shifts of "MO NMR resonances has been confirmed in this study. Moreover, new deshielding trends may be discerned from the data presented herein, e.g. the deshielding ability of bridging ligands involved in this study increase in the order &S:-< pSH < pSMe < p-S < P-Se and ~~-0 < p3-S.
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There also appears to be a deshielding effect upon increasing the bond order of the metal-metal bond. While changes in the coordination sphere accompany such reactions, the concomitant change in chemical shift is often not accounted for by these changes alone. The most dramatic example of this effect involves the pairs lg-20 and 19-21 where singly and triply bonded species differ in chemical shift by over 1800 ppm.
The ready detection and differentiation of sulfidomolybdenum complexes by "MO NMR provides encouragement for the application of this technique to the study of hydrodesulfurization catalysis. The hydrodesulfurization reaction is an important catalytic process for the purification of petroleum products. 35 The reaction, exemplified by the equation below, involves the RSH+H, + RH+H2S hydrogenolysis of organosulfur compounds, and is most often effected by heterogeneous catalysts containing sulfided MO and Co species supported on alumina. Both metal and sulfide ions have been proposed as active sites in the hydrodesulfurization reaction : the ability of sulfide ligands to react with hydrogen and other small molecules is exemplified 9. lo.
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